Extensive ab initio calibration calculations combined with extrapolations towards the infinite-basis limit lead to a ground-state dissociation energy of 
I. INTRODUCTION
Despite the small size of the beryllium dimer, Be 2 , a correct computational description of its X 1 Σ + ground state has long been considered as one of the most challenging problems in quantum chemistry. [1] Intuitively one would expect a purely repulsive potential between two closed-shell singlet atoms -or perhaps a shallow van der Waals-like minimum -and 1 in fact the Hartree-Fock potential is purely repulsive. However, the small (2s) − (2p) gap in atomic beryllium complicates the picture, and when angular correlation is admitted, a tightly bound molecule is in fact found due to an avoided crossing between (2s) 2 + (2s) 2 and (2s) 1 (2p z ) 1 + (2s) 1 (2p z ) 1 curves. As a result, the wave function is strongly biconfigurational, and in fact an active space of at least four orbitals (the abovementioned plus (2s) 1 (2p z ) 1 + (2s) 2 and (2s) 2 + (2s) 1 (2p z ) 1 ) is required to obtain a qualitatively correct potential curve [2] .
The Hartree-Fock limit potential is purely repulsive, and early coupled cluster with all double excitations (CCD) calculations [3] found only a shallow van der Waals-like minimum.
Multireference configuration interaction studies [4, 5] on the other hand predicted a tightly bound minimum, as did (with a highly exaggerated binding energy) a pioneering density functional study [6] . These conclusions were corroborated in 1983 by a valence FCI (full configuration interaction) study [7] , and in the next year, Bondybey and English [8] reported the first experimental observation. Bondybey [9] subsequently reported R e =2.45Å
and the first four vibrational quanta 223.2, 169.7, 122.5, and 79 cm −1 ; assuming a Morse potential, he suggested a dissociation energy of 790±30 cm −1 . Petersson and Shirley (PS) [10] , following ab initio calculations of their own, re-analyzed the experimental data in terms of a Morse+1/R 6 potential and suggested an upward revision to D e =839±10 cm −1 . Recent high-level calculations suggest even higher binding energies: for instance, Stärck and Meyer [11] (SM), using MRCI (multireference configuration interaction) and a core polarization potential (CPP) found D e =893 cm −1 as well as r e =2.448 5Å , while MR-AQCC (multireference averaged quadratic coupled cluster [12] ) calculations by Füsti-Molnár and Szalay [13] (FS) established D e =864 cm −1 as a lower bound. Røeggen [15] .
Part of the uncertainty in the best theoretical values resides in the fact that the basis sets used, while quite large, are still finite. Convergence of angular correlation is known to be excruciatingly slow, with an asymptotic expansion in terms of the maximum angular momentum l that starts at l −4 for contributions of individual angular momenta and at l −3 for overall l-truncation error [16] . Recently l-extrapolations have been proposed [17, 18] which permitted the calculation of total atomization energies of small polyatomic molecules with mean absolute errors as low as 0.12 kcal/mol. Among other applications, this method made possible a definitive re-evaluation [19] of the heat of vaporization of boron from a calibration quality calculation on BF 3 .
In the present work, we apply this method to the dissociation energy of Be 2 . It will be
shown that the valence-only basis set limit is in fact as large as 875±10 cm −1 , and the overall D e as large as 945±20 cm −1 .
II. METHODS
The multireference and FCI calculations, as well as those using the CCSD(T) [20] 
III. RESULTS AND DISCUSSION

A. Valence electron contribution
For the cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets, valence-only FCI calculations could be carried out. The results at the reference geometry R = 2.45Å are given in Table 1 .
By comparison with CCD, CCSD [23] , and CCSDT [24] results in the same basis sets (CCSDTQ being equivalent to FCI for this case), we can partition the valence binding energy into contributions from connected single, double, triple, and quadruple excitations as well as investigate their basis set convergence. As previously noted by Sosa et al. [25] in small basis sets, no covalent binding is seen at the CCSD level; they found CCSDT-1{a,b} and CCSDT-2 to display only a shallow ripple, while CCSDT-4 slightly exaggerates the potential well and full CCSDT is slightly above the FCI result. These conclusions are confirmed here; moreover, as the basis set is increased, the CCSDT results closely track the FCI ones, which J. Almlöf, J. and P. R. Taylor, and a modified version of the ABACUS integral derivative package by T. Helgaker, H. J. Aa. Jensen, P. Jørgensen, J. Olsen, and P. R. Taylor.
in this case implies that the contribution of connected quadruples to the binding converges very rapidly to an estimated basis set limit of 85 cm −1 . By contrast, the contribution of connected triples is actually substantially larger than the atomization energy itself, and is
apparently not yet converged with the cc-pVQZ basis set.
Our attempts to carry out a CCSDT/cc-pV5Z calculation with the available computer infrastructure met with failure. CCSD(T) calculations are an obvious alternative, but are seen in Table 1 to on the one hand underestimate the importance of connected triple excitations, and on the other hand to display considerable basis set dependence in the difference with full CCSDT (hence making it a poor candidate for extrapolation). The difference between CCSD(T) and CCSDT starts at fifth order in perturbation theory; in the method alternatively known as CCSD+T(CCSD)* [26] and, in Bartlett's recent notation [27] , CC5SD(T),
the missing E 5T T term is included quasiperturbatively at a computational expense scaling as
virt . As seen in Table 1 , CC5SD(T) slightly overestimates the connected triple excitations contribution but does so in a highly systematic manner, the difference being constant between 38 and 40 cm −1 . Because of an error compensation with neglect of connected quadruple excitations, it is actually the one single-reference method short of full CI that we find to be closest to the exact solution. In short, it is the ideal candidate for basis set extrapolation.
The CCSD+TQ(CCSD)* or CC5SD(TQ) method, which includes the leading contribution of connected quadruple excitations in a similar fashion, appears to seriously overestimate it, and we have not considered it further.
Basis set superposition error for the valence electrons was considered using the standard counterpoise (CP) correction [28] . In the present case, it drops from 36 cm −1 (cc-pVDZ) over 24 (cc-pVTZ) to 6 cm −1 for the cc-pVQZ basis set, and a paltry 3.5 cm −1 for the cc-pV5Z basis set.
From the FCI/cc-pV{D,T,Q}Z results, we may attempt extrapolation, either from the uncorrected D e values (assuming that the extrapolation will absorb BSSE which strictly vanishes at the basis set limit) or after subtracting the counterpoise correction in each case. It could likewise be argued that in fact the SCF and correlation contributions should be handled separately [18] , with an exponential or (l + 1/2) −5 formula for the SCF contribution and an A + B/(l + 1/2) α or A + B/l 3 formula for the correlation contribution alone. We then find that the SCF contribution, with the cc-pV5Z basis set, lies within 3 cm −1 of the numerical HF limit; after adding in the basis set limits for the correlation contribution, we obtain, after counterpoise correction, 869 cm −1 with the 3-point and 871 cm −1 with the 2-point formula.
One further objection would be to the use of even a high-level single-reference method for a problem that is intrinsically multireference in character. We have therefore considered MRCI (multireference configuration interaction) augmented with the multireference Davidson correction [30] , MRACPF [31] (multireference averaged coupled pair functional), and Our results for the effect of inner-shell correlation are collected in We also note that the counterpoise-corrected all-electron CAS(4/16)-ACPF/cc-pV5Z D e of 882.4 kcal/mol is already higher than the FS number, and in fact near the SM value.
Indeed, since this level of electron correlation appears to systematically underestimate the valence binding energy by 15-16 cm −1 compared to FCI (see Table 1 ), we can establish 900 cm −1 as a lower limit to D e .
Adding the best inner-shell correlation energy contribution of 76.2 cm −1 to our best valence binding energy, we obtain a best estimate for the all-electron binding energy of 948±20 cm −1 , where the increased error bar reflects the added uncertainty in the inner-shell contribution.
The effect of scalar relativistic effects was gauged from Darwin and mass-velocity terms obtained from CAS(4/16)-ACPF/MTvqz calculations by perturbation theory [32] . At −4.0 cm −1 , it is essentially negligible.
Combining our best estimates for valence, inner-shell, and relativistic contributions, we finally obtain a best estimate for D e (Be 2 ) of 944 ±25 cm −1 , which suggests that the PS value for D e may need to be revised upward by as much as 100 cm −1 .
C. Potential curve
Computed bond distances r e , harmonic frequencies ω e , and the first three anharmonicities ω e x e , ω e y e , and ω e z e are collected in Table 3 
in which z ≡ β(r − r e )/r e and the parameters b n and β are obtained by derivative matching as discussed in detail in Ref. [34] . The one-dimensional Schrödinger equation was then integrated using the algorithm of Balint-Kurti et al. [35] , on a grid of 256 points over the
The results for the first four vibrational quanta are given in Table IV . We have considered three potentials. The first two are the uncorrected FCI/cc-pVTZ and CAS(4/16)-ACPF/ccpV5Z potentials; the third one was obtained by substituting our best estimate D e and r e , and adjusting β such that the best estimate ω e is matched. (The b n remain unchanged from the CAS(4/16)-ACPF/cc-pV5Z values.) What this latter approaches in effect assumes is that the shape of the CAS(4/16)-ACPF/cc-pV5Z curve is fundamentally sound.
As expected, the unadjusted FCI/cc-pVTZ potential seriously underestimates the first three vibrational quanta because of the strong dependence of D e , ω e , and r e on the basis set and the inclusion of inner-shell correlation. CAS(4/16)-ACPF/cc-pV5Z does so to a much lesser extent. Our 'best estimate' potential, however, reproduces the fundamental (the only transition known with some precision) essentially exactly, and is in good agreement with experiment for the next two quanta. Since the VBM form of the potential does not take into account long-distance behavior and the fourth quantum lies at 80% of the dissociation energy, it is not surprising that the fourth quantum is seriously overestimated.
Finally, let us turn to the spectroscopic constants derived from our best potential (Table   5 ). Our best ω e is in perfect agreement with SM but substantially lower than the Bondybey value. Our best ω e x e is substantially smaller than both the Bondybey and SM values:
however, both of the latter were determined phenomenologically as
and therefore include contributions from higher-order anharmonicities. If we compute the same quantity, we obtain perfect agreement with the SM value. While our rotation-vibration coupling constant α e is in very good agreement with the SM calculations, it is substantially larger than the Bondybey value. However, it should be noted that the Be 2 potential is so anharmonic that the series B n = B e − α e (n + 1/2) + γ e (n + 1/2) 2 + δ e (n + 1/2) 3 + . . . cannot be truncated after the linear term; from our best computed spectroscopic constants, we obtain B 0 =0.6086 cm −1 , in perfect agreement with Bondybey's value of 0.609 cm −1 for this observable quantity. In short, we argue that our computed r e = 2.440Å is more reliable than the Bondybey value of 2.45 0Å .
As a final note, we point out that this revised reference geometry (r e =2.440Å) would not have affected our calculation of D e materially, since the energy difference between R =2.44
and R = 2.45Å with our best potential only amounts to 0.4 cm −1 .
IV. CONCLUSIONS
From an exhaustive basis set convergence study on the dissociation energy of the groundstate Be 2 , we find that the accepted experimental value needs to be revised upward to a best estimate of 944 ±25 cm −1 . Individual contributions to this value include a valence-only 
